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Abstract 
 
This case study was made in Sudan, on the soil samples are taken from 
Heglig oilfield (Abyei unit), that were contaminated with heavy crude oil 
resulting from drilling and exploration activities. Treatment of the oilfield 
soil in Heglig was carried out by Bioremediation technique, using new 
and active method: Microorganisms' products (bacteria and enzyme), 
trademark OBT® (oil biodegradation treatment). This method depend on 
application of microorganisms' products to the contaminated soil, and 
compared it with treatment by natural and local microorganisms. 
Widely known, microorganisms consumed the oil as food and energy 
sources for growth, converting oil to carbon dioxide, water, and other 
simple compounds. 
The laboratory tests made were: pH, Heavy metals, and Total petroleum 
hydrocarbons every week. After six weeks of application of 
microorganisms products, clean up levels reached to over 88% in 
comparison with natural microorganisms which it reach by same time (six 
weeks) clean up level of 36%. Therefore, Heglig site is very important to 
treatment oily soil by using this technique, because it is very active, 
economically at short time of treatment, especially that the site' 
environmental conditions are suitable to do this treatment. Additionally, it 
is Friendly to the environment. Analysis of the results, conclusion, and 
recommendations are shown in this study.   
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 اﻟﺨﻼﺻﺔ
وﺣѧﺪة  ) أﺟﺮﻳﺖ هﺬﻩ اﻟﺪراﺳﺔ ﻓﻲ اﻟﺴﻮدان ﻋﻠﻰ ﻋﻴﻨѧﺎت ﺗﺮﺑѧﺔ أﺧѧﺬت ﻣѧﻦ ﻣﻨﻄﻘѧﺔ ﺣﻘѧﻞ اﻟѧﻨﻔﻂ هﺠﻠѧﻴﺞ 
   .ﻋﻤﻠﻴﺎت اﻟﺤﻔﺮ واﻻﺳﺘﻜﺸﺎف ﻋﻦ اﻟﺒﺘﺮولﻦ ﻋ اﻟﻤﻠﻮث ﺑﺎﻟﻨﻔﻂ اﻟﺨﺎم اﻟﺜﻘﻴﻞ اﻟﻨﺎﺗﺞ (أﺑﻴﻲ 
ﺔ ﻟﻤﻌﺎﻟﺠѧѧﺔ هѧѧﺬﻩ اﻟﺘﺮﺑѧѧﺔ اﻟﻤﻠﻮﺛѧѧﺔ ﺑѧѧﺎﻟﻨﻔﻂ ﺗѧѧﻢ اﺳѧѧﺘﺨﺪام ﺗﻘﻨﻴѧѧﺔ اﻟﻤﻌﺎﻟﺠѧѧﺔ اﻟﺤﻴﻮﻳѧѧﺔ ﺑﻄﺮﻳﻘѧѧﺔ ﺟﺪﻳѧѧﺪة وﻓﻌﺎﻟѧѧ 
ﺗﻌﺘﻤѧﺪ هѧﺬﻩ ®TBO   ذات اﻻﺳѧﻢ اﻟﺘﺠѧﺎري (أﻧѧﺰﻳﻢ، ﺑﻜﺘﻴﺮﻳѧﺎ) اﻷﺣﻴѧﺎء اﻟﺪﻗﻴﻘѧﺔ ﻨﺘﺠѧﺎتﺑﺎﺳѧﺘﻌﻤﺎل ﻣ
وﻣﻘﺎرﻧﺘﻬﺎ ﻣﻊ اﻟﻤﻌﺎﻟﺠﺔ ﺑﺎﻟﻤﻴﻜﺮوﺑѧﺎت  ،ﻋﻠﻰ ﺗﺰوﻳﺪ اﻟﻤﻨﺘﺞ اﻟﻤﻴﻜﺮوﺑﻲ ﻟﻠﺘﺮﺑﺔ اﻟﻤﻠﻮﺛﺔ ﺑﺎﻟﻨﻔﻂ اﻟﻄﺮﻳﻘﺔ 
  . اﻟﻄﺒﻴﻌﻴﺔ اﻟﻤﺤﻠﻴﺔ ﻓﻲ اﻟﺘﺮﺑﺔ
 ﻣﺤﻮﻟѧﺔ اﻟѧﻨﻔﻂ ﻟﻠﻐﺬاء واﻟﻄﺎﻗﺔ ﻣѧﻦ أﺟѧﻞ اﻟﻨﻤѧﻮ ﻣﻦ اﻟﻤﻌﺮوف أن اﻷﺣﻴﺎء اﻟﺪﻗﻴﻘﺔ ﺗﺴﺘﻬﻠﻚ اﻟﻨﻔﻂ آﻤﻮرد 
  .إﻟﻰ ﺛﺎﻧﻲ أآﺴﻴﺪ اﻟﻜﺮﺑﻮن واﻟﻤﺎء وﻣﺮآﺒﺎت ﺑﺴﻴﻄﺔ أﺧﺮى 
 ﻗﻴѧѧﺎس ﺗﺮآﻴѧѧﺰ ، ﻣﺤﺘѧѧﻮى اﻟﻤﻌѧѧﺎدن اﻟﺜﻘﻴﻠѧѧﺔ ، ﺗѧﻢ ﻋﻤѧѧﻞ اﻟﺘﺠѧѧﺎرب اﻟﻤﺨﺒﺮﻳѧѧﺔ ﻣﺜѧѧﻞ اﻟѧѧﺮﻗﻢ اﻟﻬﻴѧѧﺪروﺟﻴﻨﻲ 
ﺑﻌѧﺪ ﺳѧﺘﺔ أﺳѧﺎﺑﻴﻊ ﻣѧﻦ اﻟﺘﺰوﻳѧﺪ ﺑѧﺎﻟﻤﻨﺘﺞ اﻟﺒﻜﺘﻴѧﺮي ، اﻟﻤﺮآﺒﺎت اﻟﻬﻴﺪروآﺮﺑﻮﻧﻴѧﺔ اﻟﺒﺘﺮوﻟﻴѧﺔ آѧﻞ أﺳѧﺒﻮع 
 وﺟﺪﻧﺎ أن ﻧﺴﺒﺔ ﻧﻈﺎﻓﺔ اﻟﻌﻴﻨﺔ اﻟﻤﺰودة ﺑﺎﻟﻤﻨﺘﺞ ﻗѧﺪ وﺻѧﻠﺖ ﻷآﺜѧﺮ ﻣѧﻦ ﺔﺑﺎﻟﻤﻘﺎرﻧﺔ ﻣﻊ اﻟﺒﻜﺘﻴﺮﻳﺎ اﻟﻄﺒﻴﻌﻴ 
ﻟﻚ ﻳﻤﻜѧﻦ اﻋﺘﺒѧﺎر ﻣﻮﻗѧﻊ ﻟѧﺬ ، ( ﺳѧﺘﺔ أﺳѧﺎﺑﻴﻊ )ﻓѧﻲ ﻧﻔѧﺲ اﻟﻮﻗѧﺖ % 63ﺑﻴﻨﻤﺎ اﻟﻌﻴﻨﺔ اﻟﻄﺒﻴﻌﻴﺔ إﻟѧﻰ % 88
 وﻓѧﻲ وﻗѧﺖ هﺠﻠﻴﺞ ذو أهﻤﻴﺔ ﻟﻤﺜﻞ هﺬﻩ اﻟﻤﻌﺎﻟﺠﺔ ﻟﻠﺘﺮب اﻟﻤﻠﻮﺛﺔ ﺑﺎﻟﺒﺘﺮول ﺣﻴﺚ أﻧﻬﺎ ﻓﻌﺎﻟﺔ واﻗﺘѧﺼﺎدﻳﺔ 
 ﺑﺎﻹﺿﺎﻓﺔ أﻧﻬﺎ ﺻﺪﻳﻘﺔ ﻟﻠﺒﻴﺌѧﺔ ،  ﺧﺎﺻﺔ أن اﻟﻈﺮوف اﻟﺒﻴﺌﻴﺔ ﻣﻨﺎﺳﺒﺔ ﻟﻤﺜﻞ هﺬﻩ اﻟﻤﻌﺎﻟﺠﺔ  ﻗﺼﻴﺮ ﻣﻌﺎﻟﺠﺔ
  .
  .ﺿﻬﺎ ﻓﻲ آﺘﻴﺐ اﻟﺪراﺳﺔ ﺗﺤﻠﻴﻞ اﻟﻨﺘﺎﺋﺞ واﻟﺨﻼﺻﺔ واﻟﺘﻮﺻﻴﺎت اﻟﺨﺎﺻﺔ ﺑﺎﻟﺪراﺳﺔ ﺗﻢ ﻋﺮ
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Chapter 1 
Introduction 
 
1.1 Background 
 Enormous quantities of organic and inorganic compounds are released 
into the environment each year as a result of human activities. In some 
cases, these releases are deliberate and well regulated (e.g., industrial 
emissions) while in other cases they are accidental (e.g., chemical or oil 
spills). Many of these compounds are both toxic and persistent in 
terrestrial and aquatic environments. The contamination of soil, surface 
and groundwater is simply the result of the accumulation of these toxic 
compounds in excess of permissible levels. Whether due to regulatory or 
legislative requirements, due to public pressure, due to insidious side 
effects on humans or due to enlightened corporate behavior, there is 
growing realization and movement to clean up such environmental 
messes. However, the cost of restoring the burgeoning global inventory of 
contaminated ecosystems to healthy and acceptable levels is virtually 
incalculable. As a result, the government, industry and the public have 
acutely felt the need for more cost-effective alternatives to traditional 
physical and chemical methods of remediation of these contaminated 
sites. (52) 
 
1.2 Statement of problems  
In situ bioremediation is a viable and straightforward method that is easy 
to be applied and can eliminate the future liability associated with 
treatment or disposal of contaminants (56). Meanwhile, it is also a 
relatively time-consuming remediation process that could last for months 
or even years. Thus, more and more researchers focused on enhancement 
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methods aiming at raising the efficiency of bioremediation process (46). 
Numerous studies have been conducted towards the improvement of on-
site physiochemical conditions, such as nutrient availability, 
bioavailability of contaminants, soil texture, synergism of 
microorganisms, and availability of oxygen or other electron accepters. A 
large fraction of the applications of bioremediation to date have been 
experimental efforts and largely differ from on-site practices (17). Small 
scale investigations on the microbial performance do not necessarily 
reflect the site complexities even if same conditions are achieved 
seemingly. Mathematical or physical models established to simulate 
contaminated sites are not valid without practical data and integrant 
verification. On the other hand, field study is not always possible for 
testing given remediation techniques under different on-site conditions, 
due to the feasibility or cost limitations. Various conditions are not 
available on the same real-world site while it is much easier and less 
costly to realize different conditions in a laboratory.  
 
1.3 Objectives 
The main objective of this study  is testing OBT® microorganisms' 
product as bioremediation agent in Heglig oilfield. This objective entails 
comprehensive investigation on the Microorganisms-products and the 
effects of multiple variables, their interactions during bioremediation 
processes and possibility of using OBT® as an active biodegradation tool 
for reducing hydrocarbons pollutants at short time potential in Heglig 
field.  
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Chapter 2 
Literature Review 
 
2.1 Petroleum contamination 
Extensive petroleum hydrocarbon exploration activities often result in the 
pollution of the environment, which could lead to disastrous 
consequences for the biotic and a biotic component of the ecosystem if 
not restored. Remediation of petroleum-contaminated system could be 
achieved by either physicochemical or biological methods. However, the 
attendant negative consequences of the physicochemical approach are 
currently directing greater attention to the exploitation of the biological 
alternatives. the menace of petroleum hydrocarbon pollution and its 
biodegradation in the environment with the view of understanding the 
biodegradation processes for better exploitation in bioremediation 
challenges.(37) 
 
2.1.1 Petroleum hydrocarbons 
petroleum hydrocarbons consist of a very large number of compounds 
that, by definition, are found in crude oil, as well as other sources of 
petroleum such as natural gas, coal, and peat. Petroleum hydrocarbons 
consist of three major groups of compounds. These are alkanes 
(paraffins), alkenes (olefins), and aromatics. Paraffins, are one of the 
major constituents of crude oil and are found in refined petroleum 
products such as gasoline, kerosene, diesel fuel, heating oil, etc. There are 
three major classes of paraffins; these are linear alkanes, branched 
alkanes, and naphthenes. The linear alkanes have carbon atoms arranged 
in a line and there are only two ends to these molecules. Linear alkanes 
are also referred to in the literature as n-lkanes. Branched alkanes have 
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the carbon atoms arranged similar to the n-alkanes, however, some of the 
carbon atoms are branched, thus creating many differing configurations. 
Naphthenes are molecules in which the carbon atoms are arranged in one 
or more rings. Olefins are formed during the refining process of creating 
petroleum products from crude oil. These molecules have a double bond 
and two less hydrogen atoms than their corresponding alkane. Aromatics 
contain one or more 6 carbon rings with 3 of the carbons containing 
double bonds. Examples of 1 ring (or mononuclear) aromatics are 
Benzene, Toluene, Ethylbenzene, and Xylene (BTEX). Multiple ring 
aromatics (polynuclear) are aromatic compounds with multiple 6 carbon 
ring molecules. Examples of these are naphthalene, anthracene, pyrene, 
and many more. Hydrocarbon products such as gasoline, diesel fuel, and 
asphalts are all created from crude oil by a variety of refining and 
distillation processes. Each product is produced by the combination of 
multiple individual hydrocarbon compounds all of which have slightly 
different vaporization and boiling temperatures. For example, gasoline is 
the combination of many lower boiling range compounds including C4 to 
C12 alkanes,C4 to C7 alkenes, and aromatics BTEX. The middle boiling 
range compounds are used in differing proportions to create products 
such as kerosene, diesel, and heating oil. These products predominantly 
contain C10 to C24 alkanes, and polynuclear aromatics with little to no 
olefins. (24) 
 
2.1.2 Leaking underground storage tanks (USTs) 
Underground storage tank systems (USTs) store petroleum products or 
certain other hazardous liquids that can harm the environment and human 
health if the contents are released into the environment. While many 
types of storage tanks may be buried underground, These tanks are those 
that are buried at least 10% underground and store either petroleum 
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products (gasoline, diesel, kerosene, jet fuel) or certain hazardous 
substances.  The underground piping connected to the tanks is also 
considered part of the UST.  Underground storage tanks are most often 
found at gas stations and other fueling facilities. The greatest potential 
hazard from a LUST is that the petroleum or other hazardous substance 
can seep into the soil and contaminate ground water.  When an UST 
leaks, the liquid seeps down through unsaturated soil to the water table.  
At the water table, the liquid usually forms a pool on top of the water, 
because most substances in USTs (e.g., petroleum) are less dense than 
water.  Once at the water table, the liquid slowly moves in the same 
direction as the ground water.  Even a hole the size of a pinhead can 
eventually leak enough liquid to cause widespread contamination.  In the 
past there were not very good methods for detecting leaks and many went 
unnoticed until contamination was widespread.  Testing methods have 
improved, however, and current rules require owners to monitor for leaks 
on a regular basis. Once a leak is detected, the general extent of the 
contamination is determined.  Next, monitoring wells are usually drilled 
to obtain a more detailed assessment of ground water contamination.  
Once the extent of contamination has been determined, a remediation 
(cleanup) plan is developed and implemented. (23) 
    
2.2 Biodegradation of petroleum hydrocarbons 
2.2.1 Biodegradation 
Biodegradation—the change in form of compounds carried out by living 
creatures such as microorganisms. Under the right conditions, 
microorganisms can cause or assist chemical reactions that change the 
form of the contaminants so that little or no health risk remains. 
Biodegradation is important because many important components of 
petroleum hydrocarbon contamination can be destroyed by 
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biodegradation, biodegrading microorganisms are found almost 
everywhere, and biodegradation can be very safe and effective. Many of 
the most environmentally significant components of petroleum 
hydrocarbons such as BTEX (benzene, toluene, ethyl benzene, and the 
xylenes) and some PAHs (polynuclear aromatic hydrocarbons) can be 
biodegraded under the proper environmental conditions. However, some 
PAHs, MTBE (methyl tertiary butyl ether, a gasoline additive) and other 
components of petroleum hydrocarbons may not readily biodegrade. 
Generally speaking, the petroleum hydrocarbons that are most mobile in 
the environment (except for MTBE) are also readily biodegraded. Once 
the more mobile and easily degradable petroleum hydrocarbons are 
removed, the remaining hydrocarbons, which are not readily degraded, 
can still pose a high risk in the immediate vicinity of the area in which 
they remain. Microorganisms are most effective at degrading low to 
moderate concentrations of contaminants. High concentrations and very 
low concentrations of contaminants may not be biodegradable. (16) 
2.2.2 Distribution and growth of microorganisms 
Microorganisms are ubiquitous on the earth. They can be found almost 
everywhere in soil and groundwater even as deep as 600 m in subsurface 
(53). In unsaturated soil, microorganisms are attached to surfaces of 
aggregates, inside pores and crevices, or growing on plant roots. In 
saturated zone, microorganisms can be found floating with the moving 
water, however the larger majority are attached to soil surfaces (17). 
Bacteria are the most abundant group of organisms present in the soil and 
functioning in the biodegradation of petroleum hydrocarbons (17). Most 
bacteria reproduce through the process of binary fission, which supports 
promptness of bacterial generation and thereafter fast growth. Usually the 
bacterial growth cycle can be divided into four principal phases: lag, 
exponential, stationary, and death (17). Bacteria do not multiply during 
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the lag phase and utilize nutrients in the exponential growth phase to form 
new cells and reach the highest growth rate. Followed is the stationary 
phase during which growth and death of bacteria come to a balance so 
that the specific growth rate drops to approximately zero. When the 
growth stops, bacteria eventually die and thus the end of growth cycle, 
death phase, arrives. Such death means inactivation of metabolic activity 
or even cell decomposition. In the lag phase, bacteria produce inducible 
enzymes in order to acclimate to the environment (52). Fastest microbial 
metabolisms and utilization of nutrients are happening during exponential 
growth phase. Therefore, being carbon and energy sources for bacterial 
growth, hydrocarbon contaminants are most efficiently absorbed and 
degraded by bacteria in the exponential phase (17, 56). 
2.2.3 Metabolism of petroleum hydrocarbons 
Bioremediation of petroleum-contaminated sites is based on the 
metabolism of petroleum hydrocarbons by microorganisms. This leads to 
the destruction of contaminants. 
A variety of microorganisms were found capable of degrading petroleum 
hydrocarbons by aerobic, anaerobic or fermentation metabolisms (12), 
utilizing the hydrocarbons as their growth substrates (56). 
 
2.2.3.1 Electron donors and accepters Degradation of petroleum 
contaminants is usually conducted through a redox reaction during which 
an electron donor becomes oxidized after releasing electrons while an 
electron acceptor becomes reduced after receiving electrons. Bacteria 
obtain chemical energy through such a reaction to support their living 
(17). Petroleum hydrocarbons, mostly aliphatic or aromatic compounds 
that contain functional groups like OH, and Cl, usually function as 
electron donors; oxygen often acts as terminal electron acceptor or 
directly react with the petroleum hydrocarbon molecules during the 
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microbial metabolism (56). Oxygen can be replaced as an electron 
acceptor by organic or inorganic compounds such as metal ions, nitrate, 
sulfate and carbon dioxide (1). However, energy released from these 
compounds is much smaller than that obtained from oxygen, and they 
cannot react directly to oxidize the contaminants (56). 
 
2.2.3.2 Aerobic respiration 
In aerobic respiration, the substrate molecules, e.g. petroleum 
hydrocarbons, are broken down by enzyme-mediated (usually oxygenase-
mediated) reactions in microbial cells. Most aerobic bacteria decompose 
organic compounds into carbon dioxide, H2O and other inorganic 
compounds with the consumption of oxygen (19). Serving as an external 
electron acceptor in this process, oxygen is the most efficient electron 
acceptor in biodegradation (17). Aerobic biodegradation occurs via more 
efficient and rapid metabolic pathways than anaerobic one (66). 
 
2.2.3.3 Anaerobic respiration 
In anaerobic respiration, petroleum hydrocarbons are broken down by 
enzyme-mediated reactions in which oxidative compounds other than 
oxygen serve as external electron acceptors. According to the free energy 
yielded per reaction for oxidizing the same substrate, when oxygen is 
depleted, the next best electron acceptor will be Fe3+, followed by NO3- 
and NO2 - Sulfate and carbon dioxide come next. Nitrate and sulfate are 
the most commonly used electron acceptors because of their abundance in 
nature. The Fe3+ oxides may not be accessible to microorganisms 
because of their insolubility (17). 
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2.2.3.4 Fermentation 
In fermentation metabolism, organic compounds are used as both electron 
donors and electron acceptors. Within the same organic molecule some 
atoms may become oxidized while the others may be reduced. During this 
metabolism process, organic substrates are not completely oxidized. 
Because of the low efficiency in energy production, fermentation is 
seldom utilized for bioremediation (17). 
 
2.2.4 Factors influencing biodegradation of petroleum hydrocarbon 
Successful application of bioremediation technology to   contaminated 
systems requires knowledge of the characteristics of the site and the 
parameters that affect the microbial biodegradation of pollutants (11). 
However, a number of limiting factors have been recognized to affect the 
biodegradation of petroleum hydrocarbons. Biodegradability is inherently 
influenced by the composition of the oil pollutant. For example, kerosene, 
which consists almost exclusively of medium chain alkanes is, under 
suitable conditions, totally biodegradable. Similarly, crude oil is 
biodegradable quantitatively, but for heavy asphaltic-naphthenic crude 
oils, only about 11% may be biodegradable within a reasonable time 
period, even if the conditions are favorable (10). (42) reported that 
between 8.8 and 29% of the heavy crude oil Maya was biodegraded in 
soil microcosm by mixed bacterial consortium in 15 days, although major 
peak components of the oil was reduced by between 6.5 and 70% (9). 
Also, about 89% of the same crude oil was biodegraded by axenic culture 
of Burkholderia cepacia in shake flask (41) within similar time frame, 
although petroleum biodegradation has been reported to be mostly 
enhanced in presence of a consortium of bacteria species compared to 
monospecies activities (21). The composition and inherent 
biodegradability of the petroleum hydrocarbon pollutant, therefore, is the 
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first and most important consideration when the suitability of a cleanup 
approach is to be evaluated. We have reported elsewhere (39) that heavier 
crude oils are generally much more difficult to biodegrade than lighter 
ones, just as heavier crude oils could be suitable for inducing increased 
selection pressure for the isolation of petroleum hydrocarbon degraders 
with enhanced efficiency.  
 
2.2.4.1 Factors influencing microbial growth 
Microorganisms can live and reproduce in rigid environments. At the 
same time, suitable conditions normally lead to a better growth and faster 
metabolism, which enables the biodegradation of organic compounds 
surrounding the microbial cells. Temperature is one of the most important 
parameters regulating the activities of microorganisms. It influences the 
response of microorganisms directly by its effects on growth rate, enzyme 
activity, cell composition and nutritional requirement. Under unfavorable 
temperature, metabolism in microbe cells becomes slow or even stops 
and the cells turn into the dormant state. (57) Found that soil temperature 
had a more pronounced influence on light petroleum contaminant 
degradation than did soil nitrogen and phosphorus levels. The optimal 
temperature for common petroleum-degradable microorganisms is 
usually about the room temperature (25ºC) (30). This temperature barrier 
reduces the microbial population under ground surface and the length of 
time suitable to natural biodegradation. Availability of psychrophilic 
microorganism in subsurface and roundwater is therefore an important 
factor during the operation of bioremediation. Nutrient availability is 
another critical factor. Deficiency of nutrients may severely limit growth 
of microorganisms and thus biodegradation of petroleum contaminants. 
In addition to organic compounds including petroleum hydrocarbons that 
serve as carbon and energy source, a group of other nutrient elements are 
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required, such as nitrogen, phosphorus, potassium, sulfur, magnesium, 
calcium, iron, sodium, amino acids, B vitamins, fat-soluble vitamins, and 
other organic molecules. In case of underground bioremediation, nitrogen 
and phosphorus are frequently in short supply among these nutrients (18). 
Ratio for C:N:P is of significance as well. For instance, degradation for 1 
L of gasoline requires 44 g of N and 22 g of P supplied as aqueous 
solution (16). Deficiency or plethora of N or P will reduce the efficiency 
of biodegradation. Typical ratios that have been proposed are 100:15:3 
(66), 120:10:1 (2), 250:10:3 or 100:10:2 (47), and 100:10:1 (31). Besides, 
it has been recognized that a low concentration of N (approximately 300 
mg/kg soil) is more realistic due to toxicity considerations (32, 58). 
Usually, at moderate conditions, biodegradation tends to be faster. For 
example, extreme acidity or alkalinity will lead to a decline of microbial 
activities; moderate soil pH (6 to 7) always result in a higher 
biodegradation rate (56).  It is a common practice to add lime to 
bioremediate acid soils or subsoil materials containing harmful organic 
compounds (1). Moisture level is a limiting factor for microbial growth 
and activity in unsaturated subsurface. Inadequate supplies of water can 
severely restrict biodegradation in surface soils. However, excessive 
water will displace air from pores in soil, which inhibits gas exchange 
and results in anaerobic zones and elimination of aerobic processes (17). 
High salinity is harmful to most microorganisms. Microbial processes in 
such environments are inhibited due to the extraordinarily high osmotic 
pressure (1). Natural inhibitors (e.g. toxins) that affect microbial growth 
or survival are present in polluted or even unpolluted soils and waters. 
Bacteria must be resistant to these toxins in order to function during the 
biodegradation processes. Petroleum contaminants may be cellular 
poisons inhibiting both microbial growth and activity (59, 25, 38).  
Different microorganisms have varied thresholds to petroleum 
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hydrocarbons, while these hydrocarbons could serve as a stimulant to 
microbial growth provided that the concentration is not toxic (60). 
Ground surface vegetation also acts as a factor affecting microbial 
growth. Bacteria numbers in soil are substantially greater with vegetation 
on soil surface compared with those without plants. The rhizosphere is 
usually a zone of intense biodegradation activities (1). However, the 
presence of plants is not always expediting biodegradation, as in the case 
of benzene degradation in soils planted with alfalfa (Medicago sativa). 
Evidences of existence and proliferation of specific microbial groups that 
degrade contaminants must be shown to confirm the rhizosphere effects 
(20). In addition, with the presence of hydrocarbon-degrading 
microorganisms, some other organisms often act as predators, parasites or 
lysis inducers, such as protozoa, bacteriophages, viruses and organisms 
that excrete enzymes which destroy cell walls of fungi and bacteria and 
thereby cause their lysis. These organisms may largely reduce the number 
of bacteria by grazing. However, they might also facilitate the cycling of 
limiting inorganic nutrients especially P and N, and excrete essential 
growth factors (1). Moreover, microorganisms often require an adaptation 
period before they can manufacture enzymes necessary to biodegrade 
contaminants. This period may be especially extended to months in 
anaerobic metabolism of some organic compounds (1). However, limited 
data are available on the time span required for microbial adaptation in 
situ (29). Results of previous laboratorial experiments typically ended up 
with 4 to 10 times higher biodegradation rates than those observed in the 
field (48). It was reported that the microbial degradation rate for organic 
contaminants was increased when the microorganisms had been pre-
exposed to the contaminants. Therefore, the indigenous microorganisms 
that are acclimated to the contaminants should be more capable of 
degrading the contaminants than those from a pristine site (3). 
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2.2.4.2 Factors influencing bioavailability 
Microbial movement in soils may often be restricted by the filtering 
effect of soil particles. Clay grain size is between 1 and 2 microns, while 
most of individual bacteria cells are in the size range of 0.3 to 50 microns, 
e.g., cell diameter of cocci is 2 microns and bacilli is 10 microns in length 
(61). Meanwhile, petroleum hydrocarbons are hydrophobic and tend to 
sorb to soils; a large proportion is not available in the water phase. 
Therefore, the overall biodegradation rate of a petroleum contaminant is 
often controlled by the bioavailability, i.e. whether the microorganisms 
can approach the contaminants (17). Soil texture and structure are 
important factors in this aspect. Bacteria cannot move effectively in fine-
textured soils (44). On the other hand, composition of soil influences its 
permeability and infiltration rate, water holding capacity, and adsorption 
capacity for various contaminants (22). In addition, fractures in soil 
textures always provide preferential pathways for water and pollutant 
migration in consolidated aquifers, which creates higher bioavailability 
for underground contaminants (60). The existence of surfactants can 
obviously increase the solubility and mobility of hydrophobic 
contaminants in water, and therefore facilitate the bioavailability for these 
contaminants. Thus, in-situ surfactant- enhanced aquifer remediation has 
been suggested as an economically and technically feasible remediation 
approach (49). Except for its effect on microbial metabolisms, 
temperature also influences the contaminant solubility, ion transport and 
diffusion, osmotic effects (on cell membranes), surface tension, density 
and colloidal matter. These also lead to impacts on bioavailability (34, 35, 
26). In addition, pH level influences bioavailability by its effect on  (a) 
solubility of phosphorus which is maximized at a pH value of 6.5, and (b) 
metal transport which is minimized while pH value is greater than 6 (50). 
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2.2.4.3 Availability of electron accepters 
The rate and extent of biodegradation are strongly influenced by the type 
and quantity of electron acceptors present in the aquifer. As mentioned 
above, oxygen is the most efficient electron acceptor in biodegradation. 
Usually the availability of dissolved oxygen is a dominant limit in 
bioremediation processes (8). The need of oxygen is generally based on a 
rule-of-thumb that three pounds of oxygen will be consumed to convert 
one pound of hydrocarbon (62). When oxygen is unavailable, the 
accessibility of ferric iron, nitrate, sulfate and carbon dioxide become 
essential. They can be used as terminal and dominant electron acceptors 
during anaerobic biodegradation. As soon as the available electron 
accepters have been consumed, bioremediation process on a 
contaminated site is limited, and is then controlled by biodegradation at 
the fringes of the contamination plume where access to electron accepters 
is possible (9). 
2.2.4.4 Synergism of microorganisms 
A complete biodegradation process often requires more than one 
microbial species. Synergism of microorganisms may be indispensable 
either during initial transformation or in later mineralization of petroleum 
contaminants. Therefore, variety of on-site microorganisms is an 
important concern in bioremediation processes. Mechanisms for 
synergistic relationships have been described as (a) growth factors which 
are vital to one species are produced by another species, (b) one species 
carries out incomplete metabolites which can be growth substrates for 
another species and be mineralized, (c) one species co metabolizes a 
compound to yield a product that it can no longer be metabolized, and the 
second species destroys it, (d) one species converts the substrate to a 
toxic metabolite that slows the transformation, while another species 
destroys the inhibitor (1).  
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2.3 Bioremediation  
Bioremediation can be defined as any process that uses microorganisms 
or their enzymes to return the environment altered by contaminants to its 
original condition. Bioremediation may be employed in order to attack 
specific contaminants, such as chlorinated pesticides that are degraded by 
bacteria, or a more general approach may be taken, such as oil spills that 
are broken down using multiple techniques including the addition of 
fertilizer to facilitate the decomposition of crude oil by bacteria. Not all 
contaminants are readily treated through the use of bioremediation; for 
example, heavy metals such as cadmium and lead are not readily 
absorbed or captured by organisms. The integration of metals such as 
mercury into the food chain may make things worse as organisms 
bioaccumulation these metals. However, there are a number of 
advantages to bioremediation, which may be employed in areas which 
cannot be reached easily without excavation. For example, hydrocarbon 
spills (or more specific: gasoline) may contaminate groundwater well 
below the surface of the ground; injecting the right organisms, in 
conjunction with oxygen-forming compounds, may significantly reduce 
concentrations after a period of time. This is much less expensive than 
excavation followed by burial elsewhere or incineration, and reduces or 
eliminates the need for pumping and treatment, which is a common 
practice at sites where hydrocarbons have contaminated groundwater. 
Generally, bioremediation technologies can be classified as in situ or ex 
situ. In situ bioremediation involves treating the contaminated material at 
the site while ex situ involves the removal of the contaminated material to 
be treated elsewhere. Some examples of bioremediation technologies are 
bioventing, land farming, bioreactor, composting, bioaugmentation and 
biostimulation. Bioaugmentation refers to the introduction of a group of 
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natural microbial strain or a genetically engineered variant so as to 
achieve bioremediation. Usually the step involves studying the 
indigenous varieties present in the location. If the indigenous variety do 
not have the metabolic machinery that can do the remediation process, 
exogenous varieties with such sophisticated pathways are introduced. 
Remediation is the removal of pollution or contaminants from land 
(including sediments in waterways) for the general protection of the 
environment or, quite commonly, from a brownfield site so that it can be 
reused. Remediation is generally subject to an array of legislation, and is 
based on assessments of health and ecological risks where there are no 
legislated standards or where standards are advisory (often called 
preliminary remediation goals (PRG) s) (54). 
2. 3.1 Process of bioremediation  
Microorganisms must be active and healthy in order for bioremediation to 
take place. Bioremediation technologies assist microorganisms' growth 
and increase microbial populations by creating optimum environmental 
conditions for them to detoxify the maximum amount of contaminants. 
The specific bioremediation technology used is determined by several 
factors, for instance, the type of microorganisms present, the site 
conditions, and the quantity and toxicity of contaminant chemicals. 
Different microorganisms degrade different types of compounds and 
survive under different conditions. Indigenous microorganisms are those 
microorganisms that are found already living at a given site. To stimulate 
the growth of these indigenous microorganisms, the proper soil 
temperature, oxygen, and nutrient content may need to be provided. If the 
biological activity needed to degrade a particular contaminant is not 
present in the soil at the site, microorganisms from other locations, whose 
effectiveness has been tested, can be added to the contaminated soil. 
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These are called exogenous microorganisms. The soil conditions at the 
new site may need to be adjusted to ensure that the exogenous 
microorganisms will thrive. Bioremediation can take place under aerobic 
and anaerobic conditions. In aerobic conditions, microorganisms use 
available atmospheric oxygen in order to function. With sufficient 
oxygen, microorganisms will convert many organic contaminants to 
carbon dioxide and water. Anaerobic conditions support biological 
activity in which no oxygen is present so the microorganisms break down 
chemical compounds in the soil to release the energy they need. 
Sometimes, during aerobic and anaerobic processes of breaking down the 
original contaminants, intermediate products that are less, equally, or 
more toxic than the original contaminants are created. Bioremediation can 
be used as a cleanup method for contaminated soil and water. 
Bioremediation applications fall into two broad categories: in situ or ex 
situ. In situ bioremediation treats the contaminated soil or groundwater in 
the location in which it was found. Ex situ bioremediation processes 
require excavation of contaminated soil or pumping of groundwater 
before they can be treated.  
2.3.1.1 In Situ Bioremediation of Soil  
In situ techniques do not require excavation of the contaminated soils so 
may be less expensive, create less dust, and cause less release of 
contaminants than ex situ techniques. Also, it is possible to treat a large 
volume of soil at once. In situ techniques, however, may be slower than 
ex situ techniques, may be difficult to manage, and are most effective at 
sites with permeable (sandy or uncompacted) soil. The goal of aerobic in 
situ bioremediation is to supply oxygen and nutrients to the 
microorganisms in the soil. Aerobic in situ techniques can vary in the 
way they supply oxygen to the organisms that degrade the contaminants. 
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Two such methods are bioventing and injection of hydrogen peroxide. 
Oxygen can be provided by pumping air into the soil above the water 
table (bioventing) or by delivering the oxygen in liquid form as hydrogen 
peroxide. In situ bioremediation may not work well in clays or in highly 
layered subsurface environments because oxygen cannot be evenly 
distributed throughout the treatment area. In situ remediation often 
requires years to reach cleanup goals, depending mainly on how 
biodegradable specific contaminants are. Less time may be required with 
easily degraded contaminants.  
A. Bioventing. Bioventing systems deliver air from the atmosphere into 
the soil above the water table through injection wells placed in the ground 
where the contamination exists. The number, location, and depth of the 
wells depend on many geological factors and engineering considerations. 
An air blower may be used to push or pull air into the soil through the 
injection wells. Air flows through the soil and the oxygen in it is used by 
the microorganisms. Nutrients may be pumped into the soil through the 
injection wells. Nitrogen and phosphorous may be added to increase the 
growth rate of the microorganisms.  
B. Injection of Hydrogen Peroxide. This process delivers oxygen to 
stimulate the activity of naturally occurring microorganisms by 
circulating hydrogen peroxide through contaminated soils to speed the 
bioremediation of organic contaminants. Since it involves putting a 
chemical (hydrogen peroxide) into the ground (which may eventually 
seep into the groundwater), this process is used only at sites where the 
groundwater is already contaminated. A system of pipes or a sprinkler 
system is typically used to deliver hydrogen peroxide to shallow 
contaminated soils. Injection wells are used for deeper contaminated 
soils.  
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2.3. 1. 2 Ex Situ Bioremediation of Soil  
Ex situ techniques can be faster, easier to control, and used to treat a 
wider range of contaminants and soil types than in situ techniques. 
However, they require excavation and treatment of the contaminated soil 
before and, sometimes, after the actual bioremediation step. Ex situ 
techniques include slurry-phase bioremediation and solid-phase 
bioremediation.  
A. Slurry-phase bioremediation. Contaminated soil is combined with 
water and other additives in a large tank called a "bioreactor" and mixed 
to keep the microorganisms -- which are already present in the soil -- in 
contact with the contaminants in the soil. Nutrients and oxygen are added, 
and conditions in the bioreactor are controlled to create the optimum 
environment for the microorganisms to degrade the contaminants. Upon 
completion of the treatment, the water is removed from the solids, which 
are disposed of or treated further if they still contain pollutants. Slurry-
phase biological treatment can be a relatively rapid process compared to 
other biological treatment processes, particularly for contaminated clays. 
The success of the process is highly dependent on the specific soil and 
chemical properties of the contaminated material. This technology is 
particularly useful where rapid remediation is a high priority.  
B. Solid-phase bioremediation. Solid-phase bioremediation is a process 
that treats soils in above-ground treatment areas equipped with collection 
systems to prevent any contaminant from escaping the treatment. 
Moisture, heat, nutrients, or oxygen are controlled to enhance 
biodegradation for the application of this treatment. Solid-phase systems 
are relatively simple to operate and maintain, require a large amount of 
space, and cleanups require more time to complete than with slurry-phase 
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processes. Solid-phase soil treatment processes include landfarming, soil 
biopiles, and composting.  
b1. Landfarming. In this relatively simple treatment method, 
contaminated soils are excavated and spread on a pad with a built-in 
system to collect any "leachate" or contaminated liquids that seep out of 
contaminant soaked soil. The soils are periodically turned over to mix air 
into the waste. Moisture and nutrients are controlled to enhance 
bioremediation. The length of time for bioremediation to occur will be 
longer if nutrients, oxygen or temperature are not properly controlled. In 
some cases, reduction of contaminant concentrations actually may be 
attributed more to volatilization than biodegradation. When the process is 
conducted in enclosures controlling escaping volatile contaminants, 
volatilization losses are minimized.  
b2.  Soil biopiles. Contaminated soil is piled in heaps several meters high 
over an air distribution system. Aeration is provided by pulling air 
through the heap with a vacuum pump. Moisture and nutrient levels are 
maintained at levels that maximize bioremediation. The soil heaps can be 
placed in enclosures. Volatile contaminants are easily controlled since 
they are usually part of the air stream being pulled through the pile.  
b3. Composting. Biodegradable waste is mixed with a bulking agent 
such as straw, hay, or corn cobs to make it easier to deliver the optimum 
levels of air and water to the microorganisms. Three common designs are 
static pile composting (compost is formed into piles and aerated with 
blowers or vacuum pumps), mechanically agitated in-vessel composting 
(compost is placed in a treatment vessel where it is mixed and aerated), 
and windrow composting (compost is placed in long piles known as 
windrows and periodically mixed by tractors or similar equipment) (36). 
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2.4 Case Histories 
The problem in Hanahan, South Carolina, a quiet suburb of Charleston, 
was not particularly unusual. In 1975, a massive leak from a military fuel 
storage facility released about 80,000 gallons of kerosene-based jet fuel. 
Immediate and extensive recovery measures managed to contain the spill, 
but could not prevent some fuel from soaking into the permeable sandy 
soil and reaching the underlying water table. Soon, ground water was 
leaching such toxic chemicals as benzene from the fuel-saturated soils 
and carrying them toward a nearby residential area.  
By 1985, contamination had reached the residential area, and the facility 
was faced with a serious environmental problem. Removing the 
contaminated soils was technically impractical, and removing 
contaminated ground water did not address the source of the 
contaminants. How could contaminated ground water be kept from 
seeping toward the residential area in the future?  
One possible solution was a new technology called bioremediation. 
Studies by the U.S. Geological Survey (USGS) had shown that 
microorganisms naturally present in the soils were actively consuming 
fuel-derived toxic compounds and transforming them into harmless 
carbon dioxide. Furthermore, these studies had shown that the rate of 
these biotransformations could be greatly increased by the addition of 
nutrients. By "stimulating" the natural microbial community through 
nutrient addition, it was theoretically possible to increase rates of 
biodegradation and thereby shield the residential area from further 
contamination.  
In 1992, this theory was put into practice by USGS scientists. Nutrients 
were delivered to contaminated soils through infiltration galleries, 
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contaminated ground water was removed by a series of extraction wells, 
and the arduous task of monitoring contamination levels began. By the 
end of 1993, contamination in the residential area had been reduced by 75 
percent. Nearer to the infiltration galleries (the source of the nutrients), 
the results were even better. Ground water that once had contained more 
than 5,000 parts per billion toluene now contained no detectable 
contamination. Bioremediation had worked! The success of the 
Hanahan Bioremediation Project was no accident. It was the result of 
many years of intensive effort by many USGS scientists (65).  
---In 1979, Crude oil spill, Bemidji, Minnesota 
A pipeline carrying crude oil burst and contaminated the underlying 
aquifer. USGS scientists studying the site found that toxic chemicals 
leaching from the crude oil were rapidly degraded by natural microbial 
populations. Significantly, it was shown that the plume of contaminated 
ground water stopped enlarging after a few years as rates of microbial 
degradation came into balance with rates of contaminant leaching. This 
was the first and best-documented example of intrinsic bioremediation in 
which naturally occurring microbial processes remediate contaminated 
ground water without human intervention (65). 
In February 1970, the tanker arrow ran aground and spilled a large 
portion of its 108,000 barrel cargo into Chedabucto Bay, Nova Scotia. An 
estimated 300 km of shoreline was affected. Rashid (45) described the 
changes in the oil 3.5 years after the spillage. Degradation of oil 
depended largely on environmental factors, especially wave energy. 
Degradation was greatest in high wave energy environments and lowest 
in protected embayment areas.In the high energy environments, there was 
a substantial loss of n-alkanes, which was believed to be due to microbial 
degradation. Presumably, oxygen and nutrients replenished by wave 
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driven mixing permitted more extensive degradation. Six years after the 
spill, it was impossible to estimate the amount of oil remaining in 
Chedabucto Bay from the spillage due to the patchy distribution of the 
oil, contribution of more recent spillage, and the absence of adequate 
control sites(27). 
In January 1973, the Irish Stardust ran aground near Vancouver Island, 
B.C. Approximately 180 metric tons of fuel oil was spilled. cretney (14) 
examined the long term fate of the heavy fuel oil from the spill that 
contaminated a British Columbia, Canada, coastal bay. They reported that 
biodegradation accounted for almost complete removal of n-alkanes 
during the first year after the spill. Pristine and phytane were biodegraded 
more slowly, but were almost completely gone after 4 years. The non-n 
alkane components of the C25 to C30 range appeared to be the most 
resistant to degradation of all the components resolved by gas 
chromatography. 
 
The spill of the supertanker Amoco Cadiz in March 1978 resulted in the 
largest oil spill to that date. In excess of 190,000 metric tons of oil was 
released into the marine environment during two weeks. A variety of 
intertidal sites off the Brittany coast was affected. (6) examined the fate 
of the oil in the water column before reaching the shoreline. 
He found depletion of N, P, and O2 in the water column beneath the oil, 
which apparently resulted from microbial degradation of petroleum 
hydrocarbons. The in situ deficits of N, P, and O2 converted to a 
hydrocarbon biodegradation rate of 0.03 mg of oil degraded per liter per 
day in the water column under the oil. Aminot estimated that 9,000 metric 
tons of oil was biodegraded in the water column during the two weeks 
following the spill. The fate of the Amoco Cadiz oil within the intertidal 
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zone was studied by several investigators (4, 5, 11, 13, 55, 64). Microbial 
degradation appears to have played a very important role in the 
weathering of oil stranded within the littoral zone. Atlas and Bronner 
(5)estimated a biodegradation rate of 0.5 mg of hydrocarbon per g (dry 
weigh) of sediment per day within the affected interidal zone. The onset 
of extensive changes in the oil appears to have occurred more rapidly 
after the wreck than was anticipated extensive biodegradation even 
preceding complete evaporation and dissolution of volatile aromatics 
(4,13); there was a rapid change in the n-alkane/isoprenoid hydrocarbon 
ratio within days to weeks. The isoprenoid alkanes C27 to C31 n-alkanes, 
hopanes, alkylated dibenzothothiophenes, and alkylated phenanthrenes 
were the classes of hydrocarbons most resistant to biodegradation. 
Despite the rapid rates of biodegradation, the magnitude of the spill was 
such that the oil will persist within the littoral zone for a prolonged 
period. Oil that was buried, oil within anoxic sediments, and oil within 
embayments appears to be most persistent (4, 11, 63). Conditions which 
enhance aeration and resupply nutrients, such as high energy wave action, 
favor biodegradation. 
 
The tanker Metula grounded in the Straits of Magellan in august 1974. 
approximately 46,000 metric tons of oil was lost, contaminating a cold 
marine environment. Colwell et al. (15) examined the biodegradation of 
petroleum from the Metula spill in the Straits of Magellan region.  
They found from biodegradation studies that oil degradation under in situ 
conditions proceeded relatively slowly, with marked persistence of 
Metula oil in the Straits of Magellan 2 years after the spill. They reported 
that the slow rates of oil degradation most probably were due to 
limitations imposed by relatively low concentration of nitrogen and 
phosphorus available in seawater, as well as restricted accessibility to 
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degradable compounds within aggregated oils or tar balls. Temperature 
did not seem to be a limiting factor for petroleum degradation in the cold  
marine environment. There was an indigenous cold adapted microbial 
community capable of utilizing hydrocarbons. Microbial degradation was 
not effective in attacking buried oil or oil that had formed asphalt layers 
on beaches. Microbial action may have contributed significantly to the 
formation of polar material and contributed to the extensive removal of 
aliphatic hydrocarbons in favorable environments. It was concluded that 
the oil from the Matula spill would persist for a long period of time. 
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Chapter 3 
Materials and Methods 
 
3.1 Overview of the study site   
3.1.1 Climate 
The Heglig Oilfield lies in the Savanna belt of the northern hemisphere 
tropical climate, which is classified as hot and semi arid. The average hot 
summer and cold winter temperatures are 40 and 20 degrees Celsius 
respectively. The rainy season is from June/August to October. The 
average annual rainfall varies from 650mm to 700mm.  The rest of the 
year it is very dry and very hot.  The climatic pattern is slowly changing.   
3.1.2 Vegetation 
The United Nations' Food and Agriculture Organization has just 
published a report on the state of the world's forests which estimates that, 
between 1990 and 2000, Africa's forest cover declined by 0.8% a year. 
The Heglig Oilfield is located 700km south west of Khartoum in an area 
of desert with a very low population.  40 years ago the whole of the 
Heglig area was arid-zone woodland but now changed to desert scrub.  
factors of changing are climate change – a decrease in the length and 
intensity of the rainy season, and human activities such as over-grazing 
and population laceration .  
3.1.3 Soil Conditions 
The surface soils at Heglig are homogeneous dark grey heavy clays, 
classified as high clay content (58-75%) and a thickness exceeding 3m. 
They are commonly referred to as Black Soils and consist of alkaline 
clays containing montmorillonite.  The clays contain more than 50% 
smectites and therefore have a high shrinking and swelling capacity. The 
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soils retain water for up to three months after the end of the rainy season. 
During the dry season, they gradually lose the accumulated moisture and 
deep vertical cracks develop. Because of the high clay content, the cation 
exchange capacity is high. They are therefore capable of remediation but 
very hard to work. 
3.1.4 Topography 
The topography of the Heglig region is very flat with 0-1m/km relief and 
elevations ranging from 396 –400m above sea level. Due to the flat 
topography and imperiousness of wet soils, sheet floods reaching 70cm in 
height can develop during the rainy season, when approx. 700mm of 
precipitation occurs within four months. Most of this water is pounded 
and lost to evaporation. 
3.1.5 A History of the Heglig Oilfield  
Although Sudan has been a producer of oil and gas for a number of years 
its reserves are under-explored. The country's oil reserves are known to be 
vast, being estimated at between 600 million and 1.2 billion barrels with 
recoverable reserves estimated at greater than 800 million barrels. The 
country is also rich in natural gas with reserves estimated at 3 trillion 
cubic feet (tcf). The downstream oil industry in Sudan is an important 
sector in the country's economy as Sudan has three refineries and imports 
both refined product and crude oil. The completion of a new refinery has 
made Sudan largely self sufficient and able to export refined as well as 
crude products. The Sudanese crude oil is waxy in character, has an 
average API degree of 32 and possesses no sulphur. In August 1999, the 
first shipment of crude oil was exported from Sudan to Singapore. The 
new Red Sea terminal is located in the port of Bashair about 25 
kilometres south of Port Sudan. Port Bashair terminal has a storage 
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capacity of 2 million barrels with the potential to increase to 3.2 million 
barrels with the use of reserve reservoirs. The terminal at Bashair is 
supplied via a 1,500 kilometre pipeline from the Heglig oilfield which 
was opened in May 1999. (33) 
Figure 1: Location Map 
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Figure 2: Location of Heglig in Abyei unit 
SOUTHERN
DARFUR
SOUTH KORDOFAN
UNITY
WARRAB
NORTHERN
BAHR EL
GHAZAL
Neem
Diffra West
Unity
Heglig
Mala
Thar Jath
Abyei
Block 4 
25.000 bpd
Block 4 
7.000 bpd
Block 2A/2B 
50.000 bpd
Block 1A/1B 
142.000 bpd
Block 5A 
25.000 bpd
Figure 3: Khairat  petroleum well  
KHAIRAT NORTH EAST-3
KHAIRAT NORTH EAST-6
KHAIRAT NORTH EAST-10
 
 30
3.2 Experimental materials 
3.2.1 Soil 
Soil samples are taken from the different height of contaminated area 
(surface area, deep 15 cm, and deep 50 cm), in addition to, blank -clean 
soil from same surface area.  
3.2.2 Contaminants 
Crude oil spills contaminated Heglig area soil. 
 
3.3 Experimental apparatus 
Texture and type of soil apparatus 
Sieve device, oven, and electronic weight scale.  
 
pH apparatus(3510 pH Meter, JENWAY) 
Vacuum filtration apparatus 
Buchner funnels 12-cm 
Filter paper , 11-cm diam 
 
Soxhlet Extraction apparatus  
Or Continuous Heat Extraction  
This apparatus extract oil and grease from soil, it is consist of : 
Extraction flasks 
Extraction thimble, solvent – extracted 
Electric heating mantle 
Vacuum pump or other source of vacuum 
Filter paper, 11-cm diam 
Glass wool, solvent – extracted 
n-Hexane as the  solvent 
Silica gel, 100 to 200 mesh 
Magnetic stirrer 
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Liquid funnel, glass 
Rotary Evaporator 
 
Atomic absorption spectrometers, 220 FS (VARIAN-USA) 
 
Gas Chromatography GC, CP-3800 (VARIAN-USA) 
 
All apparatuses attending in Central Petroleum Laboratories (CPL) 
(Khartoum-Sudan) 
 
3.4 Experimental methods 
3.4.1 Sampling: 
       A. Sample collection: 
Samples were collected from Heglig oilfield during the year 2008 in June.  
Samples of soils were taken by Shovel. 
      B. Preparation of samples: 
 (2Kg) of three depths of oil contaminated soil (surface, 15cm and 50cm) 
were mixed until it became homogeneous.  
The mixture was divided into three samples, each one (2 kg). 
Clean soil was use as blank (control). 
 
3.4.2 Physical analysis of soil samples 
Temperature:  
The oil contaminated soil temperature was between (10-60)ºC, optimal 
temperature is (25-30) ºC . It was checked every day. Thermometer 
(normal) was used. 
Moisture:  
The oil contaminated soil moisture was (25-30) %. It was checked every 
day, using method used at CPL. 
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Grain size: 
The grain size for blank-clean sample tested (Type and texture).  Geology 
Unit Sediment logy Lab, CPL method was used. In this method  
100 g of dry blank-clean soil (dried in oven 24 hours) was soaked in 
water for an hour and then sieved (32mic) to separate clay. The soil was 
left without clay. Then the collected soil was put in a sieve device to 
separate the different soil grains. Every separated soil was weighed, and 
calculated as percentage.  
Clay weight = 100 – weight of residues soil                                   
 
3.4.3 Chemical analysis of soil samples 
pH: 
The pH of (Blank-clean, 1, 2, 3) samples was detected according to the 
method used  at Water and Environmental  Lap, CPL. 
50 ml Distilled Deionized Water (D.D.W) was added to 5g of blank-clean 
soil in a covered container, rest for 24 hours 
Filter the solution of soaked soil  
pH of solution was measured . It was checked every week. 
 
Heavy elements:  
Heavy elements was determined before treatment of (Blank-clean, oil 
polluted surface, oil polluted deep), and after treatment of (1, 2,3) 
samples ,(instrumentation Lab, CPL) 
Measuring amounts of (Pb,As,Cr,Cu, Fe,Mg,Ca,K) 
0.5 g from each sample was taken in Teflon beaker add HF 15 ml with 10 
ml HNO3 with percholoric Acid 4 ml. 
Heating the solution until dryness 
15 ml HCl CONC was added with heat slowly 
The solution was transferred in volumetric flask 100 ml 
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D.W was added until the mar. 
AAS: Atomic absorption spectrometers (flame), was used for analysis of 
the above prepared solution. 
 GTA: Graphite furnace, read very little concentrations of elements (As 
analysis) 
Ppm (mg/kg) (total) = reading*df*tv/sample weight  
Reading (ppm) in device 
df: dilution factor(5,10,20,…50..) 
tv:total volume =100 ml of ( DDW) 
Sample weight = 0.5 g 
 
Total Petroleum Hydrocarbons (TPH):  
Continuous Heat Extraction (Soxhlet) was used according to the  method 
at Water and Environmental  Lab, CPL. 
20 g of dry oil contaminated soil was taken from three samples(1,2,3), 
was put it in thimbles  with glass wool covered, weight extraction flasks 
and add 200 ml of extraction solvent  ,  extracted oil and grease in 
Soxhlet apparatus at a rate of 20 cycles/ h for 4 h. time from first cycle.  
Then separate Hexane from oil by Rotary Evaporator, weight extraction 
flasks with extracted oil and grease after dry in oven (103c) for 1 h, to 
driving out any residue solvent. 
                     Extracted Hydrocarbons:   
The extracted oil and grease was mixed with silica gel (3 g for 1000 mg/l) 
to adsorb   polar materials as (Amiens, Nitrites, hydroxides, etc) except H 
and C with solvent, Stir mixture by stirrer for 15 min, filtration mixture 
then, separate solvent by Rotary Evaporator, dry flasks in oven, weight 
hydrocarbons. 
TPH (mg/20g) = weight flasks with hydrocarbons – weight flasks without 
TPH (mg/2 kg) = TPH (mg/20g) *100 
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IT was checked every week. 
 
GC Gas Chromatography (Instrumentation Lab, CPL) 
Extracted Hydrocarbons was mixed with strong solvent as 
Dichloromethane (CH2CL2), 3ml of mixture was taken and put it in 
small glass capsule for GC device. Readings for each sample was taken at 
half an hour interval.   
 
3.4.4 Experimental Design: 
From procedures of application OBT®: 
 454g of product was mixed with 7.57L of warm water for 4 cubic meters 
of soil, this application rate for light and moderate polluted soil, in our 
samples, there are heavy crude oil pollutants so, was taken for 1 cubic 
meter, for 2Kg polluted soil, plus the OBT®  powder. 
The test was carried for six weeks. 
First week  
(Start dose) 
Sample 1, without dose of OBT® with 1.5 g soluble NPK fertilizer.  
Sample 2, 1 g of OBT® dose  with 1.5 g soluble fertilizer. 
Sample 3, 4 g of OBT® dose with 1.5 g soluble fertilizer. 
Second week  
(Support dose) 
Sample 1, without dose of OBT® with 10 g soluble NPK fertilizer. 
Sample 2 ,  1 g of OBT® dose  with 10 g soluble  fertilizer. 
Sample 3, 4g of OBT® dose with 10 g soluble fertilizer. 
Third week 
No doses of OBT® or NPK were added. 
Fourth week  
No doses of OBT® or NPK were added. 
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Fifth week 
(Start dose) means addition of OBT® as in the first week. 
The dose of OBT® is 1 g with 15 ml water. 
Sample 1, without dose of OBT® with 5 g soluble NPK fertilizer.  
Sample 2, 1 g of OBT® dose with 5 g soluble fertilizer. 
Sample 3, 1 g of OBT® dose with 5 g soluble fertilizer. 
Sixth week 
 (Support dose) as in second week.  
The dose of OBT® is 1 g with 15 ml water. 
Sample 1, without dose of OBT®.  
Sample 2, 1 g of OBT® dose .  
Sample 3, 1 g of OBT® dose. 
No doses of NPK fertilizer. 
Note: amount of fertilizer were added according to the need of soil to 
nutrients. 
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(OBT® Oil degradation treatment) 
(Aljoman Company description) 
 Extensive research has resulted in the creation of selectively cultured 
natural microorganisms that safely and effectively break down organic-
based contaminants generated by petroleum/petrochemical spills. OBT® 
can be used with complete safety. The bacteria used in product are dried 
bacterial cultures that are naturally occurring along with enzymes that are   
environmentally friendly. Used as directed, they will not harm humans, 
animals, or plants life. 
 Soil Remediation 
Treatment Amount (Averages) 
*(454g) of OBT® with 7.57L, will normally treat four cubic meters of  
soil. This application rate is for light and moderate contamination. 
*Spread or spray water soluble fertilizer (10:10:10 N:P:K) over polluted 
soil. 
*The independent Laboratory tests give some indication of product 
concentration requirements. Since each situation is unique, treat ability 
studies are usually required. 
*Good composite soil, sampling and handling techniques are required to 
obtain accurate results.  
 
The value of the OBT® supplementation 
Laboratory testing and actual field use has shown that the treatment of 
petroleum and petrochemical contaminants in soil and water using a 
slurry made from the OBT® dried microorganisms can produce the 
following end results: 
A. De-emulsification in systems where emulsification of oil is factor, it is 
typical that the introduction of OBT® cultures breaks the significant 
portion of the oil phase itself. 
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B. Digestion and release of contaminants in soil, treatment can take place 
in –situ or ex-situ depending on circumstances and the environment 
associated with the spill. Treatment time can range from a matter of days 
to weeks depending upon soil conditions, the nature of the oils, 
temperature, and the concentration and depth of penetration. 
C. Conversion of heavy oils and Tars to light floating oil, because 
bacterial activity only occurs at the molecular level of the water-oil 
interface, the time required for conversion is dependent upon viscosity 
and quantity of the materials as well as mixing protocol. 
D. Residue, the principle byproducts of degradation are carbon dioxide, 
water, energy cell mass and biological waste. These byproducts are non-
toxic and contain no hazardous waste. 
E. Control of malodors not only are many of the malodorous components 
broken down through the application OBT® of microorganisms (thereby 
reduction odor levels), but also OBT® cultures will not generate 
hydrogen sulfide under anaerobic conditions. This ensures a cost- 
efficient, convenient means of controlling hydrogen sulfide emissions. 
Contaminants 
The biodegradability of petroleum products is dependent on the chemical 
structure of its various components. In general, the lighter, more soluble 
petroleum hydrocarbons are more biodegradable than the heavier, less 
soluble members of the group. A compound's resistance to 
biodegradation increases with increasing molecular weight. Additionally, 
highly viscous hydrocarbons are less successfully biodegradation because 
of the inherent physical difficulty in establishing contact among the 
contaminate and the microorganisms, nutrients, and electron acceptors. 
For example, gasoline, which is considered more easily biodegradable 
than diesel fuel, has a solubility of 50 to 100 ppm and a viscosity of 0.5 to 
0.6 centistokes for diesel. 
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Similarly, diesel is more biodegradable than used oil, which has a 
solubility of less than 1 ppb and a viscosity of 40 to 600 centistokes. 
Simpler chemical structures are also easier to degrade. Branched 
structures degrade at a slower rate than the corresponding straight-chain 
hydrocarbons. Alkanes are degraded more rapidly than aromatic 
compounds. Monoaromatic compounds such as BTEX are broken down 
faster than two-ring compounds such as naphthalene. Some chemicals 
may be toxic to the microbes. In some cases, compounds that are readily 
biodegradable in low concentrations may exhibit toxicity characteristics 
to the microorganisms at high levels. 
Physical and chemical parameters enhance microorganisms' growth: 
A. Dissolved oxygen (DO): DO levels of at least 2 mg/l. 
B. pH levels: pH range of 6 to 9, optimum growth will occur near a pH at 
or near neutrality (6.8-8.0). 
C. Temperature: OBT® formula will perform at temperature ranges of 
(10 ºC) to (60 ºC), but the microbial growth rate is optimized between 
(26.6 ºC -32.2 ºC), bacteria cell death at temperature above (60 ºC),  
Temperature below (10 ºC) will not kill the bacterial cell but it will 
inhibit cell growth. 
D. Essential Elements: OBT® proprietary cultures require various 
essential elements in their diet (nitrogen, phosphorus, potassium, iron, 
calcium, sulfur, magnesium, etc) naturally occurring water and soil 
sources usually contain adequate quantities of the above, with the 
possible exception of nitrogen and phosphorus. 
E. Nitrogen: OBT® cultures require at least five parts per million (ppm) 
nitrogen for acceptable growth. Nitrogen content approximately 20 ppm 
is ideal.  
F. Phosphorus: at least 1 ppm is required. Optimum growth occurs when 
phosphorus levels exceed 7ppm. 
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G. Salinity: OBT® cultures have been proven to be effective in both 
marine and fresh waters. 
K. Toxic shock: OBT® cultures are quite resistant to toxic chemical 
shock, including sudden influxes of petroleum hydrocarbons, chlorinated 
compounds, cyanides and heavy metals. 
H. Aeration: Aeration serves as highly effective catalyst to speed up the 
degradation process. Bacteria are facultative strains and natural enzymes, 
thereby performing with either dissolved or chemically combined 
oxygen. They operate far more effectively with dissolved oxygen simply 
because they obtain more energy from it. 
Compounds containing oxygen can be degraded anaerobic ally, but 
aerobic processes may be needed initially as catalysts to initiate oxidative 
attack of non-oxygen bearing hydrocarbon structures. 
Substrate composition: straight chained compositions are broken down 
more rapidly than branched chained and across linked structures. Many of 
the cyclic composition take longer to be broken down. The greater the 
number of compositions present within a substrate, the longer the time 
required for degradation. 
Actual field treatments and research indicates the need to reinoculate with 
OBT® after approximately one week into the treatment program in order 
to compensate for the dilution of the contaminant and the loss of 
microbial activity. 
S. Environmental considerations: adverse conditions such as cold 
temperatures, oxygen, nitrogen, or phosphorus deficient soil or water, 
chemical toxic load, highly acidic/alkaline PH, or excessive dilution of 
the biomass by tides and currents may retard or prevent a desirable level 
of organic biodegradation. Under such conditions a bench scale treat 
ability study should be conducted to assess the hydrocarbon degradation 
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and dosage schedule of the OBT® bioremediation products. If conditions 
warrant, site engineering to improve growth conditions may be required. 
 
 
OBT® Physical properties 
A. Formulation: dried mixed natural bacterial and natural enzymes 
combined in a mixture with micro-nutrients. 
B. PH of hydrated cultures: the formulation PH level of 6.73, OBT® is 
safe to handle and will not corrode mechanical equipment. 
C. potency: the scientifically correct bacterial/enzyme strains in optimal 
concentrations to achieve fast, efficient breakdown of hydrocarbons 
(BTEX).This equates to five billion organisms per gram of powder. 
D. Bulk density: 2Kg/3.79 L 
E. Appearance: free flowing white to tan colored powder. 
F. Stability: when stored under cool, dry conditions the cultures are stable 
for two years. Storage temperature below freezing will have no 
significant adverse effect upon the dried cultures; they must be thawed 
before their use. (7) 
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Chapter 4 
Results and Discussion 
Sampling was carried out according to international standard (mixing of 
equal, portion of soil), and different analyses were carried for the soil 
portions (Blank-clean, 1, 2, 3). The analyses were physical, and chemical,  
 
4.1 Physical analysis  
Results are the following: 
Temperature: it is the room temperature (25-28.5) ºC.  
Moisture: (25-30) %. 
The type and texture of soil (Blank-clean soil):  
Grain size analysis 
Initial weight: 100 g               final weight: 99, 89 g the greater portion  
Sieving loss %: 0.11                    
Granulometric composition  
Gravel = 18.83 %              Sand = 19.85 %            Mud = 61.31 % 
Sample detailed name: 
Fine sand, very poorly sorted, very coarse skewed, platykurtic 
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Table 1: Grain size analysis  
Size Grade 
Sieve 
Opening in  
(mm) 
Phi (Ǿ) 
scale 
Raw 
Weight 
(gms.) 
Weight 
% 
Cumulative 
weight % 
Pebble 4 -2.00 16.16 40.40 40.40 
Granule 2 -1.00 2.65 6.63 47.03 
V.C Sand 1 0.00 2.04 5.10 52.13 
0.71 0.50 1.28 3.20 55.33 C. Sand 0.50 1.00 1.47 3.68 59.00 
0.35 1.50 1.65 4.13 63.13 M. Sand 0.25 2.00 2.10 5.25 68.38 
0.177 2.50 2.86 7.15 75.53 F. Sand 0.125 3.00 3.46 8.65 84.18 
0.088 3.50 2.83 7.08 91.25 V.F. Sand 0.0625 4.00 2.10 5.25 96.50 
0.044 4.50 0.74 1.85 98.35 Silt 0.037 4.75 1.23 3.08 101.43 
Pan <0.037 5.00 59.27 148.18 249.60 
Sieve Loss 0.16 0.40 250.00 
Total Weight after Sieve              99.84        
 
Figure 4: Grain size histogram 
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; Phi = - log2 (mm) 
See Appendix  
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Figure 5: Grain size distribution  
 
 
 
 
 
 
 
 
 
 
It seems that, soil is not homogeneous; majority is clay, Table 1. 
 
4.2 Chemical analysis 
pH: The range of pH (6-9) is acceptable so, the pH of samples are 
between (7-8) table 2. 
 
Table 2: pH of samples  
3 2 1 clean  
9.00 9.06 8.81 7.91 initial 
8.65 8.41 7.76  First week 
8.65 8.34 8.19  Second week 
8.95 8.34 8.13  Third week 
9.01 8.48 8.43  Fourth week 
9.20 8.66 8.49  Fifth week 
9.26 8.91 8.79  Sixth week 
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Figer 6:  pH of samples during six weeks. 
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Initial pH of samples1, 2, and 3 are 8.81, 9.06, and 9.00 respectively. 
The first week pH dropped for three samples (7.76, 8.42, and 8.65) 
respectively. Then the pH increased till six weeks due to growth of 
microbes in the soil. 
Heavy elements: 
The following results show heavy elements in the different portions of 
soil. 
A. Before treatment with OBT® 
Blank – clean soil 
Surface oil contaminated soil 
Deep oil contaminated soil 
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Table 3: Heavy elements before treatment (Blank-clean, surface, deep) 
Metal content Blank- clean 
ppm 
Surface 
ppm 
Deep 
ppm 
Cr 106.80 73.00 111.00 
Cu 28.40 22.00 28.00 
Fe 43120.00 21000.00 35360.00 
Pb <20.00 <20.00 <20.00 
Mg 4234.60 2763.00 5258.00 
K 4881.20 2232.00 5442.00 
Ca 8665.00 5630.00 8655.00 
As 56.39 27.49 66.34 
Comparing treatments with control , all the elements decreased between 
blank-clean and surface contaminated soil due to active of natural 
microorganisms which consumed the principal inorganic and minor 
elements as (Cu, Fe, Mg, K, Ca), and removal more concentrations of  
toxic elements as (Cr, As).  
From all these, natural microorganisms consumed nutrient either in 
blank-clean soil or polluted surface soil (aerobic environment) more than 
deep polluted soil (anaerobic environment) that more of elements 
increasing due to the less of degradation or sediment of elements from 
surface soil to deep soil by petroleum spills. 
B. After treatment with OBT® product. 
Sample 1: without OBT®  
Sample 2 and sample 3 with different doses of OBT®. 
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Table 4: Heavy elements after treatment of samples (1, 2, 3) 
Metal content Sample 1 
ppm 
Sample 2 
ppm 
Sample 3 
ppm 
Cr 99.60 103.20 99.00 
Cu 23.40 23.40 18.20 
Fe 32800.00 11780.00 31680.00 
Pb <20.00 <20.00 <20.00 
Mg 7728.00 7397.00 8173.60 
K 8008.00 8384.00 7892.00 
Ca 30750.00 15000.00 25800.00 
As 49.73 51.57 52.53 
 
More decrease of elements as (Fe, Ca) at sample 2 due to consumption by 
microorganisms in (natural and product). 
K, increasing due to addition of fertilizer in all samples (1, 2, and 3) 
These fluctuations in increase and decrease of elements may be due to 
addition of OBT® product (Figure 7).  
; ppm = mg/kg 
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Figure 7: Heavy elements for all samples (before and after treatment)  
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TPH: Total petroleum hydrocarbons were tested each week, for six 
weeks for the three samples of soil portions.  
Table 5: TPH of samples, ppm (mg/20g)  
3 2 1  
236.99 471.76 315.25 initial 
324.10 555.13 462.47 First week 
320.16 232.87 302.56 Second week 
286.24 296.50 335.00 Third week 
405.27 330.15 344.23 Fourth week 
437.98 301.72 351.25 Fifth week 
397.93 230.40 275.10 Sixth week 
 
 
Table 6: TPH of samples, ppm (mg/2Kg)  
3 2 1  
23699 47176 31525 initial 
32410 55513 46247 First week 
32016 23287 30256 Second week 
28624 29650 33500 Third week 
40527 33015 34423 Fourth week 
43798 30172 35125 Fifth week 
39793 23040 27510 Sixth week 
 
; TPH (mg/2Kg) = TPH (mg/20g) * 100 
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Figure 8: TPH of samples, ppm (mg/20g)  
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Sample 1 
Initial TPH for sample 1 315.64ppm increase after one week due to 
natural bacteria adaptation in new environment might be due to the death 
of bacteria. life bacteria continue its cycle' life and consumed oil and 
nutrients as energy source, this called bioremediation, so TPH increase to 
462.47ppm as weight (TPH and bacterial cells residues), to decrease at 
second week 302.56ppm and decrease to reach after six weeks to 
275.10ppm, these increases are not true for TPH because there are more 
bacterial cells residues so, each of decrease is suggested as the true value 
of TPH 
Should be calculating the true values of TPH.  
462.47-302.56=159.91ppm (first slump) 
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Rate of removal 34.6% 
351.25-275.1=76.15ppm (second slump) 
Rate of removal 21.7% 
Total rates of removal=56.3% from first week to final  
Rate of remaining contaminated soil=100-56.3=43.7% 
True final TPH =(462.47*43.7)/100=202 ppm( mg/20 g) 
315.64-202=113.64 ppm 
True Rate of removal 36% 
Sample 2 
Initial value is 471.76 ppm increase after one week due to natural bacteria 
and OBT® cells residues, and decrease to less of the half after adding 
supporting dose of OBT®, to increase after two weeks, return the adding 
of doses (start and support) to reach 230.40 ppm after six weeks. these 
increases are not true for TPH because there are more bacterial cells 
residues. 
So, each of decrease is suggested as the true value of TPH 
Should be calculate the true values of TPH.  
555.13-232.87=322.26 ppm (first slump) 
Rate of removal=58% 
330.15-301.72=28.43 ppm (second slump)  
Rate of removal=8.6% 
301.72-230.4=71.32 ppm (third slump) 
Rate of removal=23.6% 
Total rates of removal=90.2% 
Rate of remaining contaminated soil=100-90.2=9.8% 
True final TPH =(555.13*9.8)/100=54.4 ppm (mg/20g) 
471.76-54.4=425.4 ppm 
True rate of removal=88.5% 
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Sample 3 
Initial value is 236.99ppm increase to 324.10ppm, to decrease little value 
after supporting dose (anaerobic respiration) due to insufficiency of food, 
dissolved oxygen and as energy sources, because adding four times of 
OBT® (support dose), to decrease after week to 286.24ppm, in fifth week 
add optimal dose of OBT® to convert the anaerobic respiration to 
aerobic, so after adding supporting dose it decrease to 397.93ppm.  
324.1-320.16=3.94 ppm (first slump) 
Rate of removal=1.22% 
320.16-286.24=33.92 ppm (second slump) 
Rate of removal=10.6% 
437.98-397.93=40.05 ppm 
Rate of removal=9.14% 
Total rate of removal=21% 
Rate of remaining contaminated soil=79% 
True final TPH=256 ppm (mg/20g) 
236.99-256=-19 so, initial value is not true. 
Consider 324.1 is initial value, so true rate of removal about 21%  
Sample 1:  
There were sequences increasing in TPH between second week to fifth 
week due to low of biodegradation and more biomass residues, but this 
increasing suggested natural and regular, but in second week and sixth 
week decreased in TPH due to activation natural microorganisms by 
adding more doses of nutrients, to more degradation process.  
Sample 2: 
There were sequences increasing in TPH between second week to fourth 
week due to low of  biodegradation, more biomass residues and no doses 
of OBT®, but this increasing suggested natural and regular, after adding 
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OBT® there are clear degradation and decrease in TPH. Oxygen is 
acceptor, aerobic respiration). 
Sample 3:  
There were anaerobic respiration in second week to fourth week due to 
very large doses of OBT® so, degradation beginning very active in 
second week and third week, due to activation of anaerobic 
microorganisms in product, most of aerobic microorganisms (natural and 
product) died, to increase in TPH between third week to fifth week, after 
fifth week TPH decrease at regular because adding OBT® product as 
optimal dose (OBT® procedure), to become aerobic respiration in fifth 
and sixth week.  
 
Table of removal rate in samples: 
1 2 3 
36% 88.47% 21% 
 
Table of True TPH values (ppm = mg/20g): 
 1 2 3 
Before 
treatment 
315.64 471.76 236.99 
After treatment 202.1 54.4 256 
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Gas Chromatography (GC) 
Before treatment, two samples were taken of mixture of (1, 2, 3) samples 
to comparison and assurance. 
 
Figure 9: Before treatment, first sample    
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Figure 10: Before treatment, second sample   
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Figure11:  First & second samples (before treatment)  
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Figure12: First & second samples with sample 1 after treatment  
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Figure13: First & second samples with sample 2 after treatment  
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Figure14: First & second samples with sample 3 after treatment  
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All figures showed that major constituents of crude oil are Alkanes 
(Paraffins), it starts from C14 to C31. 
Two samples before treatment in comparison with samples (1, 2, 3) after 
treatment, shown in figure (12) sample (1) removal C14,C15,C31 and 
decrease of concentrations of another carbon atoms. Figure (12) sample 
(2) showed removal C14, C15,C31 and more decrease of concentrations 
of carbon atoms. Figure (14) sample (3) shown all carbon atoms and 
more concentrations of carbon atoms than samples before treatment, there 
are  errors in sample 3, either is preparation of sample or (GC) device. 
However, in heavily biodegraded oils, GC analysis alone cannot 
distinguish differences in biodegradation unresolved complex mixture 
(UCM or "hump") that dominates the GC traces of heavily degraded oils. 
Among biodegradation can be assessed using gas chromatography-mass 
spectrometry (GC-MS) to quantify the concentration resistances to 
biodegradation. (43) 
 
In Sudan, OBT® is used for the first time in petroleum polluted soil. 
The literature review showed that research of bioremediation 
techniques was carried in the field. This study included 
bioremediation technique in the laboratory by using small quantities 
of oil contaminated soil. It is recommended that more study should 
be carried out in the oilfield using OBT®.   
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Chapter 5 
Conclusions and Recommendation 
 
5.1 Conclusions 
The Heglig oilfield is suitable to do bioremediation processes of heavy 
crude oil polluted soil using OBT® products because there are 
appropriated environmental conditions shown in the following:  
A. The texture and type of Heglig oilfield generally is clay over (60%); it 
can keep moisture, no permeation and (40%) sands and rocks to give 
viability to movement of microorganisms.  
B. pH in Heglig oilfield between (6 to 9), it is acceptable as 
recommended for OBT®. 
C. Some elements increased and others decreased, in case of decrease 
that some microorganisms assimilate these elements during their 
metabolism. Increase might be due to elements borne from other 
molecules exist in the soil. 
D. It should be a must to comply with application of OBT® procedures to 
give best results as sample (2). 
E. Large quantities of microorganisms' products OBT® support the 
natural microorganisms to activate the degradation of oil at short time. 
F. Toxic materials in either soil or petroleum Heglig existing in very little 
concentrations as (Pb, Cr, As, S) might cause shocking to 
microorganisms.   
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5.2 Recommendations  
A. Treatment of crude oil polluted soil is very difficult and costly, 
therefore, industry of petroleum go to apply bio products as OBT® to 
removal pollution from water and soil. OBT® as new bioremediation 
agent could be recommended to be used in oil field area like Heglig. 
B. Bioremediation efficiency for OBT® , rate of removal the pollution 
(88.5%) after six weeks, so more time is needed to give complete 
removal. 
C. More study should be carried out on soil in Heglig oilfield . 
D. Application the OBT® is very active and has economic benefit in 
close and long range. 
E. Other bioremediation methods by using different microorganisms' 
products should be tested in petroleum contaminated areas in Sudan. 
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Appendix: 
 
Soxhlet apparatus 
 
 
PH apparatus 
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Gas Chromatography GC (CP-3800)  
 
 
 
Atomic Absorption spectrometers (220 FS) 
 
 
 
 
